Abstract. The diffusion-slip problem for a binary mixture of gases is investigated on the basis of the linearized Boltzmann equation for hard-sphere molecules with the diffuse reflection boundary condition. The problem is analyzed numerically by the finite-difference method, where the collision integrals are computed by the numerical kernel method first introduced by Sone, Ohwada and Aoki for single-component gases [Sone et. a/., Phys. Fluids A, 1, 363 (1989)]. This is the first report in which the method is extended and applied to the case of mixtures. The analysis is carried out for several combinations of the component gases and the behavior of the mixture is clarified at the level of the velocity distribution functions. As a result, the coefficient of the diffusion-slip and the associated Knudsen-layer functions are obtained.
INTRODUCTION
As is well known, if there is a concentration gradient of a component gas in a binary mixture, the diffusion takes place. It is a relative flow of a component gas to the other, and is not in itself related to whether or not the total mixture flows. On the other hand, if the gradient is established along the surface of a body in a mixture of slightly rarefied gases, a flow of the total mixture is induced along the surface. This phenomenon is called the diffusion slip (creep) and the induced flow is called the diffusion-slip flow. Since its physical mechanism was first given in Ref. [1] , the phenomenon has attracted much interest of researchers in the field of kinetic theory [2] [3] [4] [5] [6] .
Theoretically, the study of the phenomenon is reduced to that of a half-space boundary-value problem of the linearized Boltzmann equation, the "diffusion-slip problem". Various approaches have been so far taken for the analysis of the problem. They are, however, limited to those based on model equations, which are not as successful as the BGK model for single-component gases, or those based on rough approximations such as variational and moment methods.
In the meantime, we have recently shown [7] that the diffusion slip is a source of the ghost effect [8, 9] in gas mixtures. Thus, it can cause the failure of the classical fluid dynamics for the description of gas mixtures even in the continuum limit. This fact gives a new importance to the diffusion-slip problem and stimulates us to study it in detail. In the present study, in order to understand the behavior of the mixture comprehensively, we carry out an accurate numerical analysis of the linearized Boltzmann equation for a binary mixture of hard-sphere molecular gases. The numerical method is the combination of the finite-difference and numerical kernel methods, the latter of which was introduced in Ref. [10] for single-component gases. The extension of the method to the case of mixtures is the other aspect of the present work.
number density no, but there is a uniform gradient of the concentration X A [or X B (= 1 -X A )] of the component gas A (or gas B) in the X% direction. We will investigate the steady behavior of the mixture under the following three assumptions, (i) The behavior of the mixture is described by the Boltzmann equation for hard-sphere molecules, (ii) The gas molecules are diffusively reflected on the wall, (iii) The magnitude of the concentration gradient of each component gas is so small that the equations and the boundary conditions can be linearized around a reference state. The reference state is the absolute equilibrium state at rest characterized by temperature TO, molecular number density no of the mixture, and concentrations X A and X$(= 1 -X A ) of the individual component gases.
We where d£ = d^id&d^s and the integrations are performed for the whole space of £.
FORMULATION

Let us first introduce the following function (j)^ (a = A, B)
which is the solution of the linearized Boltzmann equation expressing the state of the component gas a far from the wall:
where SAA = $BB = 1 and SAB = SB A = 0, 6 is an undetermined constant, and the set of the functions D^a is the solution of the following simultaneous integral equations [11] :
subsidiary condition: ^ ™PX% I C^D^E^d^ = 0.
P=A,B ^°T
he definition of the operator L@ a is given in Eq. (8) below. The <^ is called the fluid-dynamic part of the solution of the problem.
Then, if we put the function
we can reduce the problem to the following one-dimensional boundary-value problem for <1>^: C, Ci > 0, a* = 0, (6) 0, xi ^ oo,
where -0
Here e is a unit vector, £* is the variable of integration corresponding to £, ^C* = ^C*i^C*2^C*3> an d is the solid angle element in the direction of e. The integration in Eq. (8) is carried out for the whole space of £* and for all directions of e. The (dX A /dx2) X i=oc® ( K is called the Knudsen-layer part of the solution of the problem. When the boundary-value problem (5)- (7) is solved, the undetermined constant b in Eq. (6) is simultaneously determined with the solution ^>^.
BASIC PROPERTIES OF MACROSCOPIC VARIABLES
Corresponding to the decomposition of 0 a , we can split each macroscopic variable into the fluid-dynamic part, denoted by a subscripted F, and the Knudsen-layer part, denoted by a subscripted K. The former is defined by Eqs. (1) and (2) 
and for the total mixture
where A a^, F^^a, and ^Ta (<^5 f3 = A,B) are moments of the function D^a (see the Appendix A in Ref. [11] for their definitions). They are related to the transport coefficients of gas mixtures.
On the other hand, we can seek the solution <1>J> of the boundary-value problem (5)- (7) , c, Ci/oIt follows from this similarity that the Knudsen-layer part can appear only in u%, u%, Pfy (or ^21)? Pi2 21), Q% , and Q 2 -That is,
where
H°( Xl )=
In the meantime, from the conservation law of the momentum, it is easily found that the stress tensor of the total mixture (Pi2 or P^i) should be constant in the whole space. Therefore the Knudsen-layer function 5 should be equivalent to zero because of the condition at infinity [see Eq. (7)]. This property, the uniformity of the stress tensor (or 5 = 0), is used as a measure of accuracy of the numerical computation.
To summarize, the Knudsen-layer part appears only in the flow velocities, stress tensors, and heat-flow vectors except the stress tensor of the total mixture. The other macroscopic variables can be expressed by the fluid-dynamic part of the solution. Among them, the molecular number density, pressure, temperature, and stress tensor of the total mixture as well as the temperatures of the individual gases are in particular uniform in the whole space.
Finally the expression of u^p in Eq. (10), if considered at x\ = 0, is no other than the slip condition for the flow velocity of the mixture on the wall. We call the constant 6 the coefficient of diffusion slip in the present paper.
NUMERICAL COMPUTATION
The adopted numerical method is the combination of the finite-difference and numerical kernel methods. For the latter, we first transform the expression (8) of L@ a into that in terms of integral kernels, and then, taking into account the similarity (11), make the database of the kernels numerically before the computation of the problem itself. The database is also available for analyses of other problems with the same similarity.
In the computation, the original region (0 < xi < oo, 0 < (" < oo, -1 < Ci/C < 1) i § truncated to a finite region 0 < x\ < d(< oo), 0 < £ < Z(< oo), and - (5)- (7) 
RESULTS AND DISCUSSIONS
The coefficient b of the diffusion slip is tabulated in Table 1 . Although b is non-zero for X A = 0 and X A = 1, the diffusion slip itself does not take place for these cases because no concentration gradient is possible. Since , their combination U is not; that is, U increases from a negative value at x\ = 0 to a small positive and then decays to zero at infinity. The tendency is increasing for larger difference of molecular mass (see Figure Ib) . Comparing with the values of b in Table 1 Figure 3a) . The discontinuity disappears inside the gas. There is, however, a steep gradient around (j = 0 in the vicinity of the wall (Figure 3b In Figure 4 the present result of the coefficient b is compared with those in Refs. [5, 6] , where the data are given by the (dimensional) coefficient divided by the diffusion coefficient. In the figure, according to the description in Refs. [5, 6] , comparison is made using the first approximation of the diffusion coefficient. The relative error of Loyalka's formula [5] , which is obtained by the variational method, is larger for smaller X A and becomes 10% for the worst case (m B /m A = 10 and X A = 0). With more reliable data of the diffusion coefficient, however, Loyalka's formula gives better agreement with the present result. The relative error of the formula using our numerical data of the diffusion coefficient [12] is less than 4.1% for m B /m A = 2 and 2.2% for the other cases.
Finally, we give some pieces of information about the accuracy of the present computation. The values of b with different lattice systems in ("-and (j/£-spaces are tabulated in Table 2 . The values are computed using a coarser system (101 lattice points) in xi-space with d = 15 in the case m B /m A = 2 and X A = 0.5. Table 3 shows the values of b in the same case using different lattice systems in xi-space with different d and the common systems in £-and (j./("-spaces (49 points for the former and 97 points for the latter). Another measure of accuracy is, as stated before, the computed value of the Knudsen-layer function S. The computed |5|, which should theoretically be zero, is less than 1. -variational method [5] 8 910 
